Spermatogenesis is sustained by a heterogeneous population of spermatogonia that includes the spermatogonial stem cells. However, the mechanisms underlying their establishment from gonocyte embryonic precursors and their maintenance thereafter remain largely unknown. In this study, we report that inactivation of the ubiquitin ligase Huwe1 in male germ cells in mice led to the degeneration of spermatogonia in neonates and resulted in a Sertoli cell-only phenotype in the adult. Huwe1 knockout gonocytes showed a decrease in mitotic re-entry, which inhibited their transition to spermatogonia. Inactivation of Huwe1 in primary spermatogonial culture or the C18-4 cell line resulted in cell degeneration. Degeneration of Huwe1 knockout spermatogonia was associated with an increased level of histone H2AX and an elevated DNA damage response that led to apparent mitotic catastrophe but not apoptosis or senescence. Blocking this increase in H2AX prevented the degeneration of Huwe1-depleted cells. Taken together, these results reveal a previously undefined role of Huwe1 in orchestrating the physiological DNA damage response in the male germline that contributes to the establishment and maintenance of spermatogonia. (Endocrinology 158: 4000-4016, 2017) 
process to initiate the first wave of spermatogenesis whereas the undifferentiated spermatogonia support steady-state spermatogenesis in the adult (3) . Defects in the establishment and maintenance of spermatogonia deplete the stem cell pool, leading to infertility (4) . However, the mechanisms underlying the establishment and maintenance of spermatogonia remain poorly defined.
Ubiquitination is a posttranslational modification of proteins executed by the ubiquitin-proteasome system (UPS) that can regulate protein turnover, activity, or localization (5) . This process involves the activation of ubiquitin by a ubiquitin-activating enzyme followed by transfer of the activated ubiquitin to a ubiquitinconjugating enzyme. Finally, a ubiquitin ligase transfers the ubiquitin to the substrate in a substrate-specific manner (5) . Given its versatile functions, the UPS is involved in regulation of many cellular processes that require a precise orchestration of protein networks, including the DNA damage response (DDR) (6) . In spermatogenesis, the UPS clearly exerts both proteolytic and nonproteolytic functions and plays important roles in genetic recombination, sex chromosome silencing, and the histone-protamine transition during meiosis and postmeiotic differentiation (7) . However, little is known about the role of the UPS in spermatogonial progenitors. Recent studies have demonstrated differential expression of UPS genes and a requirement for the proteasome during gonocyte differentiation (8) , suggesting an important role for the UPS in spermatogonial development.
Huwe1, also known as E3 Histone /ARF-BP1/Mule/Lasu/ HECT-E9, is a ubiquitin ligase that acts on proteins involved in cell proliferation, differentiation, and DDR in both physiological and pathophysiological contexts (9) (10) (11) (12) (13) (14) (15) (16) ). Although we originally described Huwe1 as a testis ligase that can ubiquitinate histones in vitro (17) , the functions of Huwe1 in male germ cells in vivo remain unknown. Its expression is mainly in germ cells, is detected in gonocytes (8) , and continues into spermatogonia and spermatocytes (18) , stages at which ubiquitination of histones exerts important functions. To explore the role of Huwe1 in these early germ cells, we inactivated it specifically in male germ cells, in vitro and in vivo, and found that Huwe1 is required for the establishment and maintenance of spermatogonia through modulating levels of H2AX and preventing hyperactivation of the DNA damage response.
Materials and Methods

Animals
Conditional Huwe1 knockout (KO; Huwe1 flox/flox ) mice were generated as previously described (11, 19 2/Y Ddx4-Cre (KO) male offspring were identified by genomic polymerase chain reaction (PCR) on tail DNA using oligonucleotides derived from the Cre recombinase sequence (Supplemental Table 1 ). To measure cell proliferation in vivo, mice were injected intraperitoneally with 50 mg/g 5-bromo-2 0 -deoxyuridine (BrdU) in saline at 2 days postpartum (dpp) and euthanized 24 hours later. All procedures were carried out in accordance with the regulations of the Canadian Council for Animal Care and were approved by the Animal Care Committee of McGill University.
Cell cultures
The C18-4 spermatogonial cell line was cultured at 34°C with 5% CO 2 in Dulbecco's modified Eagle medium (DMEM) supplemented with 5% fetal bovine serum (FBS), 2 mM L-glutamine, 13 nonessential amino acids (Invitrogen), and 1 mM sodium pyruvate. Huwe1 was inactivated in these cells by CRISPR/Cas9 nuclease-mediated gene editing. Single-guide RNAs targeting either exon 14 or 15 (Supplemental Table 1) were cloned into the LeGO-U6-Cas9 vector using AgeI and SphI (New England BioLabs). Lentivirus was generated by cotransfecting LeGO-U6-Cas9 vector with psPAX2 (Addgene ID 12260) and pCMV-VSV-G (Addgene ID 8454) into 293T cells with Lipofectamine 2000 (Invitrogen). Cells (8 3 10 6 ) were seeded together with DNA/liposome complex on a 0.0001% poly-L-lysine-precoated plate in DMEM medium supplemented with 10% FBS. Twenty-four hours later, the medium was changed to virus-harvesting medium (DMEM, 10% FBS, 2 mM L-glutamine). Virus supernatant was collected 48 hours after transfection and concentrated 10-fold by ultracentrifugation at 110,000 3 g for 90 minutes.
C18-4 cells (1 3 10 6 ) were seeded on a 60-mm dish the night before transduction. The cells were transduced at 30% to 40% confluence with 200 mL of LeGO lentivirus in the presence of 8 mg/mL Polybrene. Virus-containing medium was changed to normal culture medium 16 to 20 hours after transduction. Transduced cells were isolated by fluorescence-activated cell sorting (FACS) for the GFP-positive population. The T7 endonuclease assay (20) was used to confirm specific gene inactivation. On-target sites and off-target sites (Supplemental Table 1 ) in genomic DNA were amplified by PCR. Purified PCR products (300 ng) were denatured at 95°C for 10 minutes and subjected to step-down annealing from 85 to 25°C. Annealed products were digested with 0.5 U of T7 endonuclease I (New England BioLabs) for 1 hour at 37°C. Reactions were quenched with EDTA (final concentration 45 mM) and separated by agarose gel electrophoresis. In the study of mitotic catastrophe, 1.5 3 10 4 (subconfluent) or 1.5 3 10 5 (confluent) stably transduced C18-4 cells were seeded into each well of a 24-well plate. Cell counting was performed 3 days after seeding.
For small interfering RNA (siRNA)-mediated silencing in the C18-4 cell line, 1 3 10 5 cells were seeded in each well of a six-well plate. The next day when the cells were at ;20% confluence, the following siRNA oligonucleotides (Supplemental Table 1 ; Integrated DNA Technologies) were transfected using RNAiMAX reagent: 50 nM Huwe1 siRNA or nonspecific control siRNA oligonucleotides; 10 nM H2AX-1 siRNA; 20 nM H2AX-2 siRNA. Three days later, cells were harvested by trypsinization, counted by an observer who was blinded to treatment conditions, and processed for Western blotting.
Primary SSC culture was established as described (21) from Huwe1 flox/Y testes. Briefly, a single-cell suspension of testicular cells was prepared using a two-step enzymatic procedure with collagenase and trypsin. These cells were enriched for SSCs by magnet-activated cell sorting using anti-Thy1.2 antibodies and seeded onto STO feeder layers in serum-free medium [MEMa medium (Invitrogen), 0.2% bovine serum albumin (BSA), 5 mg/mL insulin, 10 mg/mL iron-saturated transferrin, 7.6 mEq/L free fatty acids, 3 3 10 28 M Na 2 SeO 3 , 50 mM b-mercaptoethanol, 10 mM HEPES, 60 mM putrescine (all from Sigma-Aldrich), 2 mM L-glutamine, 13 penicillin-streptomycin (both from Invitrogen)] supplemented with 20 ng/mL recombinant human glial-derived neurotrophic factor (GDNF), 100 ng/mL recombinant rat GDNF family receptor a 1 (GFRa1) Fc chimera (both from R&D Systems), and 1 ng/mL basic fibroblast growth factor (BD Biosciences). SSCs were incubated at 37°C with 5% CO 2 and subcultured every 5 to 6 days.
To perform tamoxifen-inducible inactivation of Huwe1 in the SSC culture, CreERT2 was amplified by PCR from pMSCV CreERT2 puro (Addgene ID 22776) and subcloned into the EcoRI and XbaI sites in the pLVX-EF1a-IRES-mCherry plasmid (Clontech). Lentivirus was generated with this plasmid as described previously for the LeGO plasmid except that the virus supernatant was concentrated by 20-fold. For transduction, Huwe1 flox/Y SSCs were seeded at a density of 5 3 10 4 cells/cm 2 in each well of a 24-well plate. Two days after seeding, 100 mL of lentivirus was added to the culture together with 6 mg/mL Polybrene. The culture was centrifuged at 850 3 g for 90 minutes to facilitate transduction. Virus-containing medium was changed to normal culture medium 16 to 20 hours after transduction. Transduced cells were sorted by FACS for mCherry-positive cells and propagated for studies. To inactivate Huwe1, these stably transduced SSCs were seeded at a density of 7.5 3 10 4 cells/cm 2 . Two days later, cells were exposed to 1 mM 4-hydroxyl tamoxifen. The medium was changed the next day and cells were collected at the indicated time points.
For in vitro cluster formation assay to evaluate relative SSC activity (22) , Thy-1 + cells were isolated by magnetic-activated cell sorting as described earlier from the two testes of WT or KO mice (6 to 7 dpp). The cells from a given mouse were plated in one well of a 24-well plate using the same seeding number for both genotypes (1.4 to 2.2 310 4 cells depending on the experiment). Cells were maintained on a STO feeder layer as described previously except the concentrations of GDNF and GFRa1 were 40 ng/mL and 300 ng/mL, respectively. Media containing growth factors were replenished on the third day of culture, and cluster numbers were visually determined under a microscope a week after seeding. Cells were then fixed in 2% paraformaldehye and stained for the germ cell marker Tra98 by immunohistochemistry as described later.
Tissue preparation, histology, immunostaining, and terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling assay Testes were fixed in paraformaldehyde (4%), dehydrated, and embedded in paraffin. Histological analysis was performed on 4-mm sections stained with hematoxylin and eosin. For immunofluorescence staining, slides were rehydrated followed by antigen retrieval performed by microwaving in 10 mM citrate buffer (pH 6.0) for 6 minutes (maximum power), allowing to stand for 2 minutes, and then microwaving again for 10 minutes (60% of maximum power). Sections were then blocked using 10% goat serum and 1% BSA. Primary antibody (Table 1) incubation was carried out overnight in PBS containing 1% BSA, 2% goat serum, and 0.02% Triton X-100. The next day, the sections were incubated for 2 to 4 hours with appropriate secondary antibodies diluted in PBS with 1% BSA and 0.01% Triton X-100. Slides were counterstained with Hoechst (Sigma-Aldrich, H6024), mounted with ProLong Gold antifade (Life Technologies, P36930), and examined using a Zeiss Axiovert 200 microscope. Images were captured using Metamorph software (version 6.3r7). Immunohistochemical stains and a terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) assay were performed using a Vectastain ABC kit and an ApopTag plus peroxidase in situ apoptosis detection kit (Millipore, S7101), respectively. The slides were mounted with Clear-Mount (Electron Microscopy Sciences, 17985-12), and images were captured on a Zeiss Axioskop 2 microscope using AxioVision release 4.8 software. Quantification of stained cells on slides was carried out by an observer who was blinded to the genotype of the sample.
Reverse transcription PCR and quantitative PCR
RNA was extracted by TRIzol reagent (Invitrogen), and 0.5 to 1 mg of RNA was used for complementary DNA synthesis using a high-capacity complementary DNA reverse transcription kit (Applied Biosystems). Primers used for reverse transcription PCR and quantitative PCR (qPCR) are shown in Supplemental Table 1 . qPCR was performed using Power SYBR Green PCR master mix in a ViiA7 qPCR analyzer (Applied Biosystems). Differential expression was represented as fold change (2 2DDCT ).
Western blot analysis
Cell pellets were lysed in RIPA buffer [150 mM NaCl, 50 mM Tris-Cl (pH 8), 1% Nonidet P-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate] with protease inhibitor cocktails (Roche). Proteins (typically 10 to 20 mg) were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride or nitrocellulose membranes. After blocking in 5% BSA in Tris-buffered saline with Tween 20, the membranes were probed with corresponding primary antibodies ( Table 1) followed by horseradish peroxidase-conjugated secondary antibodies with binding detected using a chemiluminescent substrate (enhanced chemiluminescence; GE Healthcare). For quantification of H2AX, the indicated antibody from Bethyl Laboratories was specifically used, as it has previously been reported to be highly specific for H2AX (23) .
Flow cytometric analysis
For analysis of Huwe1 KO spermatogonia, testicular cells were obtained using the two-step enzymatic digestion as described previously (24) . The cells were resuspended in DMEM with 2% FBS at a density of 2 3 10 6 cells/mL and stained with fluorescein isothiocyanate-conjugated antibody against CD9 (Invitrogen, clone KMC8) for 1 hour on ice with gentle agitation. For cell cycle and quiescence state analysis, CD9-stained cells were washed once in PBS and resuspended in DMEM with 2% FBS at density of 1 3 10 6 cells/mL and stained with 1:1000 Vybrant DyeCycle Violet (DNA stain, Molecular Probes) for 45 minutes at 37°C. Lastly, 0.5 mg/mL Pyronin Y (RNA stain) was added to the cell suspension and incubated for 15 minutes at 37°C. For apoptosis analysis, CD9-stained cells were washed once with PBS and resuspended in annexin V binding buffer [10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl 2 (pH 7.4)] at 1 3 10 6 cells/mL. Allophycocyanin-annexin V (100 mg/mL, Invitrogen) and propidium iodide (1 mg/mL, Sigma-Aldrich) were added to the cell suspension, incubated at room temperature for 15 minutes, and then kept on ice until data acquisition. One hundred thousand events were acquired.
For analysis of Huwe1 KO spermatogonia in SSC culture, SSC clusters were recovered from the feeder layer by gentle pipetting. A single-cell suspension was obtained by trypsin digestion followed by pipetting in PBS. For cell cycle analysis, cells were resuspended in DMEM with 2% FBS at 1 3 10 6 cells/mL and stained with Vybrant DyeCycle Violet (Molecular Probes) as described earlier. For TUNEL assay, cells were stained by an ApopTag fluorescein in situ apoptosis detection kit (Millipore) according to the manufacturer's protocol. For each sample, 10,000 events were acquired.
All samples were analyzed in a BD LSR II flow cytometer (BD Biosciences). Data were analyzed by BD FACSDiva software (BD Biosciences), and results plotted by FlowJo software (Tree Star).
Comet assay
Comet assay was carried out as described (25) . An alkaline comet assay, which detects both double-and single-strand breaks, was used. Briefly, single-cell suspensions of SSC lines were obtained as described previously. Cells were resuspended in PBS at a density of 4 3 10 4 cells/mL and mixed with 3 volumes of 1% low-melting agarose. The resulting cell-agarose mixture was overlaid onto slides precoated with 1% lowmelting agarose. Agarose was allowed to gel for 4 minutes at room temperature. The resulting slides were incubated in alkaline lysis solution overnight at 4°C, then washed twice in alkaline rinse and electrophoresis solution, followed by electrophoresis at 20 V for 25 minutes. After electrophoresis, slides were rinsed in distilled water and stained with 2.5 mg/mL propidium iodide for 20 minutes. The slides were rinsed twice in distilled water and comets were imaged in a regular fluorescent microscope. At least 60 comets were analyzed per group. Comets were analyzed by OpenComet software (26) .
Live cell imaging
FACS-sorted GFP-positive C18-4 cells were seeded into sixwell plates at a density of 1 3 10 5 cells per well. Live-cell images were taken at 20-minute intervals for 72 hours. Images were taken from six random fields, and eight cells were randomly selected from each field for analysis.
Statistical analysis
Statistical analysis was carried out using GraphPad Prism version 5.0 (GraphPad Software). A Student t test (unpaired) was used for analysis involving two groups of samples. Oneway analysis of variance (ANOVA) was used for analysis involving three or more groups of samples. Two-way ANOVA was used for analysis involving more than one independent variable. A P value of ,0.05 was considered significant.
Results
Germ cell inactivation of Huwe1 in mice results in infertility
To examine the function of Huwe1 in male germ cells, we crossed conditional Huwe1 KO female mice (Huwe1 flox/flox ) (11, 12, 19) with males hemizygous for Ddx4 (also known as Vasa)-Cre, which expresses Cre recombinase in prenatal gonocytes (27 (28) [ Fig. 1(a) ]. To assess the effect of Huwe1 KO on fertility, WT and KO males were mated with CD1 females. Huwe1 KO male mice were infertile despite normal copulatory behavior (Supplemental Table 2 ). The average weight of the testes of adult Huwe1 KO mice was only 15% of the WT, with morphological analysis showing completely abolished spermatogenesis [ Fig. 1 [ Fig. 1(e) ]. These results indicated that inactivating Huwe1 in gonocytes results in a complete absence of spermatogenesis and concomitant infertility.
Inactivation of Huwe1 depletes spermatogonial pools in the first wave of spermatogenesis To understand the process that leads to absence of spermatogenesis, we examined Huwe1 KO early postnatal testes at hallmark developmental time points. Immunohistochemical analyses of germ cell markers, Ddx4 and Tra98, showed a steady decline in germ cell numbers [ Fig. 2(a) ; Supplemental Fig. 1(a) ]. Germ cell number was reduced in the KO by 36% at 6 dpp, when both undifferentiated and differentiating spermatogonia are present, by 88% at 8 dpp when spermatogonia are actively proliferating while undergoing mitotic differentiation, and by 98% at 15 dpp when spermatocytes are prominent in the first wave of spermatogenesis. This decline in germ cell number that was detectable at 6 dpp could be attributed to a loss of either the Ngn3 The undifferentiated spermatogonial population is depleted in the KO testis. qPCR analysis of indicated markers of undifferentiated spermatogonia in WT or KO adult testis (n = 2). Data are represented as mean 6 standard error of the mean. Student t test: *P , 0.05, **P , 0.01, ***P , 0.001. undifferentiated spermatogonia, which contain the SSC population, or the c-Kit + differentiating spermatogonia (3), or both. To test which populations were affected, we performed qPCR analysis of markers representing each population [ Fig. 2(b) ]. Markers of SSCs (Id4 and Pax7), undifferentiated spermatogonia (Ngn3, Gfra1, and Plzf) and differentiating spermatogonia (c-Kit, Stra8, and Dazl) showed significant downregulation at 6 dpp in the KO compared with WT. The results were further confirmed by immunohistochemistry and immunofluorescence using anti-Plzf and anti-Stra8 antibodies, which showed a decrease in the number of undifferentiated and differentiating spermatogonia [ Fig. 2 (c) and 2(d); Supplemental Fig. 1(b) ]. + differentiating spermatogonia decrease in number in the KO testis. Representative immunohistochemical images from WT and KO testis sections stained for Stra8 (left panel) at 6 dpp are shown. Scale bars, 50 mm. Quantification from these images is shown (right panel, n = 3). (e) Cluster-forming activity, a measure of selfrenewing spermatogonia, is decreased in the KO testis as determined using the in vitro cluster formation assay of Thy1 + cells isolated from 6 dpp WT and KO testis (see Materials and Methods). Quantification of clusters formed from primary cultures of WT and KO testis germ cells is shown (n = 3). Data are represented as mean 6 standard error of the mean. (a and b) Two-way ANOVA, Tukey post hoc test (a) or Bonferroni post hoc test (b); (c-e) Student t test: *P , 0.05, **P , 0.01, ***P , 0.001.
We next sorted Thy1-expressing cells from WT and KO testis cells using magnetic-activated cell sorting, because this cell population is highly enriched for SSCs (33) . We examined the ability of cells to proliferate and generate clusters of undifferentiated spermatogonia in vitro (22) . The degree of the cluster formation correlates linearly with the regeneration capacity of SSCs after spermatogonial transplantation (22) . When male germ cells rapidly lose their potential to survive and proliferate after birth, this in vitro assay provides an optimal platform to assess the self-renewal activity of Huwe1 KO germ cells and to quantify self-renewing spermatogonia of the KO mice. Consistent with the decreased expression of SSC markers, knockout of Huwe1 resulted in a decline in the cluster-forming ability to ;10% of the WT level [ Fig. 2(e) ]. Collectively, these results indicate that the inactivation of Huwe1 in the gonocytes led to a loss of both undifferentiated and differentiating spermatogonial populations in the neonatal testis and eventually the exhaustion of germ cells in the adult due to loss of the self-renewing cell population.
Huwe1 is required for the transition of gonocytes to spermatogonia
The decrease in the number of Huwe1 KO germ cells at 6 dpp can be attributed to defects in either the establishment of spermatogonial populations from gonocytes, the maintenance of spermatogonia, or both. To address the first possibility, we studied the gonocyteto-spermatogonia transition by immunostaining for FoxO1 in testis sections of 3 dpp mice. FoxO1 localization is exclusively found in the cytoplasm of gonocytes at 1 dpp, with nuclear translocation beginning at 3 dpp. The nuclear localization of FoxO1 is considered to mark spermatogonia (34) . Quantification of FoxO1-stained germ cells revealed that the number of cells with cytoplasmic localization was 36% higher in the Huwe1 KO compared with WT [ Fig. 3(a) ]. Another hallmark characteristic of gonocyte-to-spermatogonia transition is the migration of the gonocytes to the basement membrane of seminiferous tubules (35) . Quantification of germ cells at the basement membrane showed that only 46% of the germ cells in the KO had migrated to the basement compared with 87% in the WT [ Fig. 3(b) ]. These results suggested that more Huwe1 KO germ cells were arrested at the gonocyte state, or the transition was delayed. Because the gonocytes exit quiescence and re-enter mitosis during the transition to spermatogonia (2, 35), we examined the proliferation and quiescence of germ cells by BrdU pulse labeling and Pyronin Y staining, respectively (36) . The number of germ cells incorporating BrdU was reduced by 63% in the KO at 3 dpp [ Fig. 3(c) ], indicating a delay or failure of mitotic re-entry. For Pyronin Y staining, we labeled CD9-expressing spermatogonia from WT or KO. As reported previously, we found that CD9 expression identified both undifferentiated and differentiating spermatogonia with negligible somatic cell contamination (Supplemental Fig. 2) (37) . Pyronin Y staining of CD9 + spermatogonia showed a 1.5-fold increase in quiescent spermatogonia in the Huwe1 KO testis [ Fig. 3(d) ]. Because all of these defects were evident at 3 dpp prior to the decrease in germ cell number at 6 dpp, collectively, they suggest strongly that the loss of Huwe1 perturbed the gonocyteto-spermatogonia transition and also impaired mitotic re-entry, resulting in a failure of establishment of the spermatogonial population.
Huwe1 is required for the maintenance of spermatogonia
Because the number of spermatogonia in KO testes rapidly declined, we examined the role of Huwe1 in spermatogonia maintenance by inactivating it in proliferation-competent spermatogonia in vitro. First, we depleted Huwe1 using CRISPR/Cas9 or siRNA oligonucleotides in the spermatogonial cell line C18-4 (38, 39) . For CRISPR/Cas9-mediated knockout, C18-4 cells were transduced with a lentivirus vector carrying CRISPR/Cas9-IRES-GFP and single-guide RNA (sgRNA)-trans-activating CRISPR RNA hybrid [ Fig.  4(a) ]. Stably transduced cells were isolated by sorting for GFP [ Fig. 4(b) ]. To assure the specificity of this approach, two sgRNA designs targeting exon 14 or 15 of Huwe1 were used. T7 endonuclease assay confirmed the modifications at on-target sites with no observable off-target effects [ Fig. 4(c) Fig. 4(i) ]. Knockout of Huwe1 led to an ;30% to 45% and an ;80% decrease in cell number 3 and 7 days after treatment, respectively, as compared with untreated CreERT2 transduced cells. Moreover, the formation of in vitro clusters of undifferentiated spermatogonia was remarkably inhibited in the Huwe1 KO condition [ Fig. 4(j) ]. Notably, at 7 days posttreatment, the number of cells recovered was lower than the seeding density. Taken together, these results suggest that in addition to the detrimental effects on gonocytes, inactivation of Huwe1 leads to a defect in the maintenance of spermatogonia.
Inactivation of Huwe1 elevates DNA damage response
We next examined the mechanism underlying the degeneration of Huwe1 KO spermatogonia. Because Huwe1 can ubiquitinate p53 and Mcl-1 and regulate both p53-dependent and p53-independent apoptosis (9, 15), we assessed apoptosis in Huwe1 KO spermatogonia by the TUNEL assay (41) . In vivo, we did not observe any significant increase in TUNEL-positive cells in 6 dpp Huwe1 KO testes [Supplemetal Fig. 3(a) ]. Also, both annexin V assay and TUNEL assay showed that ,1% of cells were apoptotic in 6 dpp CD9 + spermatogonia in vivo and tamoxifen-induced Huwe1 KO clusters cells in vitro, respectively [Supplemental Fig. 3(b) and 3(c) ]. These results suggested that apoptosis is not the dominant path for the loss of Huwe1 KO spermatogonia.
Recent studies have shown that Huwe1 targets the degradation of a number of proteins involved in the DDR (42) (43) (44) (45) (46) . Elevated or sustained DDR can lead to apoptosis-independent cell death (47) . Thus, we examined the DDR in Huwe1 KO spermatogonia. Cell cycle profiling of Huwe1 KO CD9 + spermatogonia in vivo and cultured spermatogonia in vitro showed that inactivation of Huwe1 led to G 2 /M arrest [ Fig. 5(a) and 5(b) ], a hallmark cellular response to DNA damage (48) . Interestingly, the cell cycle arrest was associated with increased cell size (Supplemental Fig. 4) , which is often observed in cells undergoing senescence or mitotic catastrophe (49, 50) . Immunostaining of g-H2AX, the phosphorylated form of histone variant H2AX at Ser 139 position, a well-known marker of DDR (51), in testis sections of Huwe1 KO mice at 3 to 6 dpp revealed that the percentage of total g-H2AX-positive germ cells was comparable between WT and KO [Supplemental Fig. 5(a) ]. However, a significant increase in the percentage of germ cells showing intense nuclear g-H2AX staining (with .50 foci) was observed at 5 and 6 dpp [ Fig. 5(c) ]. Consistent with the in vivo data, a 1.6-fold increase in the level of g-H2AX was observed in the cultured spermatogonia upon inactivation of Huwe1 by exposure to tamoxifen [ Fig. 5(d) ]. siRNA-mediated knockdown of Huwe1 in C18-4 cells also resulted in increased levels of g-H2AX. Intriguingly, blotting the samples with an antibody that recognizes unmodified H2AX showed that the level of total H2AX was also increased upon loss of Huwe1 We next explored whether the loss of Huwe1 resulted in DNA damage and provoked this hyperactivation. Intriguingly, comet assay of primary spermatogonia in culture showed that there were similar levels of DNA damage present upon inactivation of Huwe1 in the cells [Supplemental Fig. 5(c) ]. The accumulation of g-H2AX foci in the absence of increased DNA damage raised the possibility of a noncanonical function for the g-H2AX.
We therefore examined whether other mediators of the DDR were also present in the g-H2AX foci in 6 dpp testis sections. The DNA damage sensor ataxia telangiectasia mutated (ATM), ubiquitinated proteins (reflective of propagation of the DDR), and the effector BRCA1 were also present in the foci (Supplemental Fig. 6 ). These observations argue that the accumulation of g-H2AX foci did indeed reflect activation of a DDR rather than a noncanonical function of g-H2AX. Because this occurred in the absence of increased DNA damage, it suggests that knockout of Huwe1 provoked a hyperactivated DDR to endogenous DNA damage (such as might occur during replication) that in turn caused apoptosis-independent cell death.
Huwe1 prevents hyperactivation of DDR by targeting histone H2AX
Lastly, we set out to explore the molecular mechanism underlying the regulation of DDR in spermatogonia by Huwe1. Our observations of an increased level of H2AX and g-H2AX upon inactivation of Huwe1 in the cultured spermatogonia suggested that H2AX might be the substrate of Huwe1 and that the loss of Huwe1 provides more H2AX for conversion into g-H2AX as has recently been observed in cultured cells exposed to DNAdamaging agents (23) . We explored whether other known substrates of Huwe1 related to the DDR (9, 16, 44, 45) might also be involved by measuring their levels with and without inactivation of Huwe1.The expression of Cdc6, p53, ATM, and BRCA1 as well as some other potential candidate substrates did not show significant change in the cultured spermatogonia upon loss of Huwe1 [Supplemental Fig. 5(b) ]. These observations are consistent with the cell cycle arrest at G 2 /M (rather than at G 1 ), the cell degeneration by a nonapoptotic pathway, as well as the normal recruitment of DDR proteins to the g-H2AX foci in KO spermatogonia. The stabilization of H2AX but not other Huwe1 substrates involved in the DDR suggested that it may be the critical mediator of the degeneration of spermatogonia upon loss of Huwe1. If so, the cell degeneration phenotype should be rescued by restoring normal levels of H2AX. Therefore, we knocked down both Huwe1 and H2AX in C18-4 cells by siRNA using the minimal concentrations of siH2AX oligonucleotides required to inhibit the elevation of H2AX. Western blot results indicated that Huwe1 was efficiently silenced in both single and double knockdown groups [ Fig. 7(a) ]. The level of H2AX was elevated, and a significant decrease in cell number was observed in the Huwe1 knockdown group alone [ Fig. 7(b) ]. Importantly, when the elevation of H2AX in Huwe1 knockdown cells was suppressed by either of two different siRNAs targeting H2AX, the cell number showed no difference between control and treated cells [ Fig. 7(b) ]. Taken together, these results suggest that Huwe1 regulates the turnover of H2AX in spermatogonia, thereby controlling the response of cells to spontaneously occurring DNA damage and maintaining cell survival.
Discussion
Studies employing gene inactivation in mice and/or in vitro culture have identified genes and signaling pathways that regulate the maintenance of spermatogonia. However, little is known about the mechanisms by which spermatogonia are established from embryonic prespermatogonia/prospermatogonia or gonocytes (55, 56) . Because quiescent cells, such as gonocytes before birth, are transcriptionally relatively inactive, it is reasonable to speculate that the exit from quiescence in gonocytes is regulated at the protein level. By its ability to modulate protein turnover and activity rather than gene transcription, the UPS is an intriguing candidate regulator of this process. In our study, we have shown this by demonstrating that a ubiquitin ligase Huwe1 indeed plays a critical role in the transition of gonocytes to spermatogonia. Its loss inhibits mitotic re-entry, thereby promoting the quiescence of gonocytes and abolishing the establishment of the male germ line after birth (Fig. 3) .
Our results also indicate that the role of Huwe1 in the male germ line extends from the immediate perinatal period to the maintenance of undifferentiated spermatogonia-the founder cell population of spermatogenesis. In vivo, deletion of Huwe1 led to depletion of undifferentiated spermatogonia soon after birth (Fig. 2) , whereas in vitro, induction of Huwe1 deletion in spermatogonia resulted in the loss of self-renewing cells (Fig. 4) . This result supports the notion that two events lead to the depletion of germ cells in early postnatal development. First is the inhibition of gonocyte-tospermatogonia transition, and second is the failure to maintain undifferentiated spermatogonia that escaped from the inhibition of the transition. Interestingly, a recent study reported that ubiquitin ligase Fbxw7 is a negative regulator of SSC self-renewal, and its deletion promoted the proliferation of the stem cells (57) . This phenotype is opposite to that seen in Huwe1 KO mice. These studies collectively suggest that ubiquitination is a pivotal posttranslational modification that plays critical roles, both positively and negatively, in the regulation of undifferentiated spermatogonia and the spermatogenesis that these cells support.
The loss of spermatogonia upon inactivation of Huwe1 was due to hyperactivation of the DDR as reflected in the accumulation of g-H2AX. The concomitant increase in H2AX raised the possibility that H2AX might be a substrate of Huwe1. Our previous work demonstrated that Huwe1 can ubiquitinate histones in vitro (17) , and indeed emerging evidence indicates that Huwe1 is involved in the ubiquitination of H2AX in the context of the DDR (23, 58) . The in vitro study by Atsumi et al. (23) using mainly fibroblasts indicated that, under basal conditions, Huwe1 promotes the polyubiquitination and degradation of H2AX, limiting the availability of H2AX for phosphorylation and ubiquitination and thereby suppressing a DDR. Upon exposure to DNA damaging agents, ATM is activated and inhibits Huwe1-mediated degradation of H2AX, allowing H2AX to accumulate and become phosphorylated. In contrast, the study by Choe et al. (58) , also in cultured cells, indicated that Huwe1 monoubiquitinates H2AX during DNA replication stress, thereby promoting its repair. Inactivation of Huwe1 in those cells led to the accumulation of DNA damage and cell cycle arrest at the S phase. Our results showed that loss of Huwe1 induced accumulation of H2AX and g-H2AX and led to the cell cycle arrest at the G 2 /M phase in the absence of excessive DNA damage ( Fig. 5; Supplemental Fig. 5 ). Thus, our findings support the conclusions of Atsumi et al. (23) that Huwe1 targets H2AX for degradation and extend them in several important aspects. First, we provide the initial evidence that this mechanism occurs in vivo and, more specifically, in a vital physiological process-the establishment of spermatogonial progenitors, which contain the stem cell population, and their survival in the testis (Figs. 2 and 4) . Second, we demonstrate that a consequence of a defect in this Huwe1-mediated degradation of H2AX is cell death. Intriguingly, this cell death did not occur by apoptosis as expected in view of the ability of Huwe1 to ubiquitinate p53, Mcl1, PP5, and Miz1, but by mitotic catastrophe (Fig. 6) . The cell death upon inactivation of Huwe1 was not necessarily expected because in the development of the nervous and hematopoietic systems, loss of Huwe1 actually leads to hyperproliferation of the stem cells (12, 59, 60) . Finally, we demonstrated that suppressing this accumulation of H2AX by partially silencing its expression could prevent the cell death. It also prevented the accumulation of g-H2AX, confirming that the increased availability of H2AX contributes importantly to the hyperactivated DDR seen upon loss of Huwe1 (Fig. 7) .
It has been postulated that the germline has an effective DDR to prevent excessive de novo mutation that may have a catastrophic outcome. Indeed, studies have identified DDR machineries that protect the inheritable genome from exogenous genotoxic stress such as irradiation by repairing the DNA damage and/or removing the damaged cells by apoptosis (61) . However, little is known about the DDR in response to endogenous DNA damage in undifferentiated spermatogonia. In the present study, we showed that these cells require a precise control of DDR by Huwe1 in the absence of exogenous genotoxic stress (indicated by the absence of increased doublestrand breaks in the KO cells). Therefore, we propose that Huwe1 functions at a checkpoint in the protection of the germline genome upon DNA damage that spontaneously occurs. Under normal conditions, upon exit from quiescence, DDR is triggered, and Huwe1 is required to resolve and maintain the DDR at a subcatastrophic level. In the Huwe1 KO condition, failure to switch off the DDR will lead to a "false alarm" that collapses the spermatogonial system and leads to infertility. Taken together, our findings reveal a unique and essential role of a ubiquitin ligase in modulating the DDR that is critical for the development and function of the earliest cells involved in spermatogenesis.
